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Background: Rotator cuff retears after surgical repair are of concern despite advances in 15 
operative techniques, but few studies have investigated the effects of estrogen-deficiency 16 
state on tendon-to-bone healing at the repair site. 17 
Purpose: We evaluated the effect of estrogen-deficiency state on tendon-to-bone healing 18 
after rotator cuff repair in an ovariectomized rat model.  19 
Study Design: Controlled laboratory study 20 
Methods: Female Sprague–Dawley rats underwent detachment and immediate repair of the 21 
supraspinatus tendon. Surgery was performed in 24 rats 17 weeks after ovariectomy (OVX 22 
group) and in 24 age-matched control rats without ovariectomy. Animals were sacrificed at 2, 23 
4, 8, and 12 weeks after surgery for biomechanical and histological evaluation of reattachment. 24 
Bone mineral density (BMD) at the insertion site and cancellous bone in the humeral head was 25 
assessed by microcomputed tomography. 26 
Results: BMD was significantly lower at both the insertion site and cancellous area in OVX 27 
than in control rats at weeks 2–12. Ultimate load to failure, ultimate stress, stiffness, and 28 
Young's modulus were significantly lower in the OVX than in the control group at 2 and 4 29 
weeks, but the difference was no longer significant at 8 and 12 weeks. At 2 and 4 weeks, 30 
relatively immature granulation tissue was observed in OVX rats compared with control rats. 31 
At 8 and 12 weeks after surgery, there were differences in the tendon–bone interface in the 32 
two groups: Direct insertion with well-established chondroid tissue was seen in the control 33 
group. Indirect insertion without chondroid tissue was seen in the OVX group. Consistently, 34 
the amount of chondroid tissue was greater, and collagen organization was better in the 35 
control than in the OVX rats. Cells expressing cathepsin K were significantly more numerous 36 
at both the insertion site and in the cancellous bone in OVX rats than in control rats. 37 
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Conclusion: Estrogen-deficiency state by ovariectomy, compared with control rats, led to 38 
decreased biomechanical properties and development of chondroid tissue that influenced the 39 
repair of tendon insertion following surgery. 40 
Clinical Relevance: Agents that modulate bone metabolism might improve tendon-to-bone 41 
healing in patients with estrogen-deficiency state, such as postmenopausal women who 42 
experience rotator cuff surgery. 43 
 44 
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 46 
What is known about the subject: Rotator cuff repairs have good outcomes, but postoperative 47 
retears are a concern. Age, tear size, fatty infiltration of rotator cuff muscles, and surgical variables 48 
have been shown to influence the risk of retears. The effects of estrogen-deficiency state on tendon-49 
to-bone healing after cuff repair are not known. 50 
What this study adds to existing knowledge: This study investigated the effects of estrogen-51 
deficiency state on tendon-to-bone healing in a rotator cuff repair model in ovariectomized (OVX) 52 
rats. Mechanical properties including ultimate load to failure, ultimate stress, linear stiffness, and 53 
Young's modulus were significantly lower in the OVX than in the control rats at 2 and 4 weeks after 54 
surgery. The differences were no longer significant at 8 and 12 weeks. Histological differences at 2 55 
and 4 weeks after surgery included relatively immature granulation tissue in the OVX compared 56 
with control rats. At 8 and 12 weeks, there were differences in the tendon–bone interface. Direct 57 
insertion with well-established chondroid tissue was seen in control rats. Indirect insertion without 58 
chondroid tissue was seen in OVX rats. Safranin O staining was more extensive in control than in 59 
OVX group tissues. Picrosirius red staining indicated better collagen organization in the control 60 
group than in the OVX rats. The number of cathepsin K-stained cells was significantly higher in 61 
OVX rats than in control rats at both the tendon insertion site and in cancellous bone from 4 to 12 62 
weeks after tendon reattachment. The results are consistent with the association of estrogen-63 
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deficiency state in OVX rats with decreased biomechanical strength and of chondroid tissue 64 





Surgical repair, the primary treatment for rotator cuff tears, has a reported failure rate of from 5% to 68 
57%.2,8,9,32,39 Retear rates of 5% have been reported for small-to-medium tears and 40% for large, 69 
extensive tears.36 70 
A better understanding of tendon-to-bone healing after rotator cuff repair would help to find 71 
ways of reducing the occurrence of retears. Tendon–bone insertions include four zones that include 72 
tendon, fibrocartilage, mineralized cartilage, and bone2,8 act to transfer stress between dissimilar 73 
materials. The transition from mineralized cartilage to tendon is continuous, and there are no clearly 74 
defined boundaries between the zones, even on an ultrastructural level.20 The insertion acts as a 75 
shock absorber to reduce the stiffness gradient between bone and tendon.26 The histological and 76 
biomechanical characteristics of the tendon–bone interface following surgical repair differs from 77 
normal tendon insertions, resulting in a tendon–bone interface weaker than that of normal tendon 78 
insertions.32,37 Mineralized bone activity also influences tendon-to-bone healing after cuff 79 
repair.6,14,24,33 Both BMD and fatty infiltration were found to be independently associated with 80 
postoperative rotator cuff healing6,11. Thus, these results suggest that estrogen deficiency causing 81 
low mineralized bone activity may influence tendon bone healing after surgery. Therefore, this 82 
study evaluated the effects of estrogen deficiency on tendon-to-bone healing after cuff repair in an 83 
ovariectomized rat model. 84 
 85 
MATERIAL AND METHODS 86 
 87 
Study design 88 
The study was conducted following the National Institute of Health Guidelines for Animal 89 
Research and approved by the Animal Studies and the Institutional Animal Care and Use 90 
Committees of our institution (# 2018-083). Forty-eight adult female Sprague–Dawley rats 91 
weighing 415.5 ± 26.5 g underwent ovariectomy followed by detachment and immediate 92 
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repair of the supraspinatus tendon at 17 weeks of age (OVX group, N = 24). The remaining 93 
24 age-matched, nonovariectomized rats were used as a control group. The repaired tendon-94 
to-bone interface was evaluated in both groups at 2, 4, 8, and 12 weeks after surgery (Figure 95 
1). Bone mineral density (BMD) was assessed by microcomputed tomography (micro-CT). 96 
Biomechanical properties, tissue histology, immunohistochemical staining, and osteoclast 97 
activity at the attachment site were assessed as described below. 98 
 99 
Figure1. Flow diagram of the study design indicating the group allocations and study 100 
procedures. 101 
 102 
Rotator cuff repair model 103 
The surgical procedure was performed as previously described.19 Briefly, rats were anesthetized 104 
with isoflurane with high flow oxygen. A midline skin incision was made, the subcutaneous tissues 105 
were divided, and the deltoid muscle was divided to expose the shoulder joint. The supraspinatus 106 
tendon insertion was excised at its attachment to the humerus with a #11 scalpel blade. The 107 
remaining tendon tissue was removed, and two small tunnels were created at the greater tuberosity 108 
with a 0.5 mm drill bit. Sutures were passed through the supraspinatus tendon using the Krakow 109 
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technique, pulled through the bone tunnels, and firmly tied to the lateral cortex. After wound 110 
closure, animals could move freely in their cages. 111 
 112 
BMD and bone volume assays 113 
BMD was determined at the tendon attachment site and in cancellous bone in the head of the 114 
humerus by micro-CT (R-mCT2, Rigaku Corporation, Japan). Six specimens were collected at each 115 
designated time following sacrifice and immediately frozen at −80 °C until tested. To collect the 116 
specimens, all soft tissue surrounding the humerus was removed except for the repaired 117 
supraspinatus tendon–humerus complex. The sutures that had been used to fix the repaired tendon 118 
to the bone were cut, and the repaired tendon was secured in a screw clamp using sandpaper and 119 
ethyl cyanoacrylate. Micro-CT was performed with the specimens submerged in saline and scanned 120 
at 90 kV and 160 μA. The images were analyzed with BMD analysis software (TRI/3D-BON, 121 
Ratoc System Engineering Co., Japan); phantom images of a bone reference material were used for 122 
calibration.30 The image threshold at the tendon attachment site was 5 mm from the proximal end of 123 
the humeral head. In cancellous bone, the image threshold was within the bone cortex, 6 mm from 124 
the proximal end of the humeral head. The bone volume (BV) was the total number of thresholded 125 
bone voxels within the total volume (TV) of the volume of interest (VOI). After thresholding, the 126 
total bone mineral content, BV fraction (BV/TV), and BMD were calculated for the VOI at both the 127 
supraspinatus tendon attachment site and in the cancellous bone. For BMD analysis, the threshold 128 
was 300 Hounsfield units. 129 
 130 
Biomechanical testing 131 
Biomechanical testing was done immediately following micro-CT scanning. Specimens were 132 
placed into a tensile strength testing device (TENSILON RTE-1210; Orientec, A&D Company, 133 
Limited, Tokyo, Japan), and the humerus was secured in a custom-designed pod using a capping 134 
compound.17,19,28 The testing protocol, with some modifications, has been previously 135 
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described.11,15,16,19 The tendon–humerus complex was positioned to allow longitudinal tensile 136 
loading in the direction of tendon attachment site. Specimens were preloaded at 0.1 N for 5 minutes, 137 
followed by five cycles of loading and unloading at a cross-head speed of 5 mm/ minutes. They 138 
were then loaded to failure at a rate of 1 mm/ minutes. The mechanical properties were calculated, 139 
and the failure modes were recorded. Ultimate load to failure was recorded as the peak load before 140 
failure. Linear stiffness was determined by the slope of the linear portion of the load-elongation 141 
curve. Ultimate stress was calculated by dividing the ultimate load to failure by the cross-sectional 142 
area of the repaired tendon–bone interface, the axial section of the micro-CT image. Young's 143 
modulus was calculated from the slope of the linear portion of the stress–strain curve. Strain was 144 
calculated by dividing the elongation by the initial length of the coronal section of the micro-CT 145 
image. 146 
 147 
Histological evaluation 148 
Supraspinatus tendon–humerus specimens were fixed in 10% buffered formalin, decalcified with 149 
Kalkitox solution (Wako Pure Chemical Industries, Ltd., Osaka, Japan), embedded in paraffin, and 150 
sectioned at 5 μm.21 After staining with hematoxylin and eosin (HE), safranin O, or picrosirius red, 151 
the sections were observed by light (BZ-X710; Keyence, Osaka, Japan) and a polarized light 152 
microscopy (OLYMPUS BX50; OLYMPUS, Tokyo, Japan) and photographed.22 153 
 154 
Immunohistology  155 
Immunostaining was performed with polyclonal antibodies against cathepsin K (Abcam, Tokyo, 156 
Japan) using the Envision method (Agilent, Santa Clara, CA, United States). After deparaffinization 157 
of the tissue sections, antigen activation was performed in 3% bovine serum albumin for 30 minutes 158 
at room temperature. Blocking of endogenous peroxidase was by incubation with methanol 159 
containing 3% H2O2 for 30 minutes at room temperature. The primary antibody was diluted to an 160 
appropriate concentration with Anti-Diluent Buffer, and each reaction was performed overnight at 161 
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4 °C. Polyclonal anti-rabbit immunoglobulin conjugated to peroxidase labeled dextran polymer was 162 
used as the secondary antibody (DAKO, K4001) and was allowed to react for 30 minutes at room 163 
temperature. Diaminobenzidine was used as a chromogen. The sections were counterstained with 164 
hematoxylin and observed by light microscopy (BZ-X710; Keyence, Osaka, Japan). 165 
 166 
Histomorphology 167 
Osteoclast activity was assayed by cathepsin K immunohistochemical staining and tendon–bone 168 
maturity by semiquantitative scoring as previously described.25,35. At 2, 4, 8, and 12 weeks, three 169 
slides of sectioned tissue from each specimen were randomly selected for analysis. 170 
Photomicrographs were taken of five ×100 fields on each slide. A total of 240 photomicrographs, 171 
60 each week including 30 OVX group specimens and 30 control group specimens, were collected 172 
and evaluated. The cathepsin K-positive cells on each slide were automatically counted using 173 
ImageJ macro software (U. S. National Institutes of Health, Bethesda, Maryland, USA) 174 
(https://imagej.nih.gov/ij/docs/index.html). 175 
 176 
Statistical analysis 177 
Statistical analysis was performed with JMP version 13 (SAS Institute Inc., Cary, NC, USA). Data 178 
were expressed as means and standard deviation. Differences of BMD, mechanical properties, and 179 
histomorphometric scores in the OVX and control groups were tested for significance with the 180 





The areas in which BMD was measured are shown in Figure 2A. The BMD in cancellous bone 186 
599.45 ± 92.83 mg/cm3 in controls and 374.68 ± 23.35 mg/cm3 in OVX rats at 2 weeks, 667.97 ± 187 
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84.76 and 438.94 ± 74.23 mg/cm3 at 4 weeks, 710.28 ± 138.28 and 493.12 ± 123.03 mg/cm3 at 8 188 
weeks, and 735.68 ± 57.89 and 461.17 ± 55.76 mg/cm3 at 12 weeks. At each time, the BMD of 189 
cancellous bone was significantly lower in the OVX group than in controls (Figure 2B). The 190 
corresponding BMD in the insertion area was 667.4 ± 39.75 and 581.83 ± 15.54 mg/cm3 at 2 weeks, 191 
639.73 ± 16.1 and 578.85 ± 29.54 mg/cm3 at 4 weeks, 761.73 ± 22.87 and 700.57 ± 39.9 mg/cm3 at 192 
8 weeks, and 809.55 ± 64.94 and 639.73 ± 53.91 mg/cm3 at 12 weeks. At each time, the BMD of 193 
cancellous bone was significantly lower in the OVX group than in controls (Figure 2C). 194 
 195 
 196 
Figure 2. (A) Histology of the supraspinatus tendon insertion in ovariectomized and control rats. 197 
The boxes indicate the insertion site and cancellous bone in the humeral head. The mineral density 198 
of the (B) cancellous bone of the humerus and (C) the tendon insertion site are shown. 199 
 200 
Biomechanical testing 201 
Tendon attachment failed during biomechanical testing in all specimens of both experimental 202 
groups. The ultimate load to failure was 9.15 ± 4.34 and 4.22 ± 1.06 N in the control and 203 
OVX groups, respectively, at 2 weeks, 20.94 ± 4.01 and 16.62 ± 5.53 N at 4 weeks, 28.58 ± 204 
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9.54 and 23.98 ± 7.29 N at 8 weeks, and 33.87 ± 9.77 and 28.09 ± 6.73 N at 12 weeks. The 205 
load was significantly lower in the OVX than in the control group at 2 and 4 weeks, but the 206 
difference was no longer significant at 8 and 12 weeks (Figure 3A). Linear stiffness was 6.8 ± 207 
1.27 N/mm in the OVX and 3.59 ± 0.98 N/mm in the control group at 2 weeks, 8.97 ± 2.41 208 
and 7.04 ± 4.76 N/mm at 4 weeks, 15.23 ± 3.57 and 14.54 ± 5.84 N/mm at 8 weeks, and 209 
17.33 ± 4.51 and 16.01 ± 3.15 N/mm) at 12 weeks. Linear stiffness was significantly lower in 210 
the OVX than in the control group at 2 and 4 weeks, but the difference was no longer 211 
significant at 8 and 12 weeks (Figure 3B). Ultimate stress values were 0.87 ± 0.49 MPa in the 212 
control and 0.34 ± 0.15 MPa in the OVX group at 2 weeks, 1.18 ± 0.42 and 0.72 ± 0.26 MPa 213 
at 4 weeks, 1.74 ± 0.76 and 1.4 ± 0.74 MPa at 8 weeks, and 1.77 ± 0.68 and 1.57 ± 0.62 MPa 214 
at 12 weeks. Ultimate stress was significantly lower in the OVX group than in the control 215 
group at 2 and 4 weeks, but the difference was no longer significant at 8 and 12 weeks 216 
(Figure 3C). Young's modulus was 1.46 ± 0.34 MPa in the OVX group and 0.56 ± 0.22 MPa 217 
in the control group at 2 weeks, 1.66 ± 0.81 and 1.34 ± 0.73 MPa at 4 weeks, 2.88 ± 2.0 and 218 
2.8 ± 1.46 MPa at 8 weeks, and 3.16 ± 1.97 and 2.98 ± 1.38 MPa at 12 weeks. Young's 219 
modulus was significantly lower in the OVX than in the control group at 2 and 4 weeks, but 220 




Figure 3. Mechanical properties of reattached supraspinatus tendons in ovariectomized and control 223 
rats. (A) Ultimate load to failure (N). (B) Linear stiffness (N/mm). (C) Ultimate stress (MPa). (D) 224 
Young's modulus (MPa). 225 
 226 
Histology 227 
HE staining of tendon-to-bone healing after cuff repair (Figure 4) shows fibrovascular tissue 228 
at the tendon attachment site at 2 weeks. The trabecular bone and the fibrovascular tissue 229 
were still immature in both the OVX and control groups at 4 weeks. At 8 weeks, some 230 
chondroid cells appeared along with the trabecular bone and fibrovascular tissue in the 231 
control group, but not in the OVX group. At 12 weeks, chondroid cells could be seen at the 232 
tendon–bone interface in the control group, but in the OVX group, the fibrovascular tissue 233 
was directly attached to bone without evidence of chondroid cells. No obvious differences 234 
were seen in OVX and control tissues stained with safranin O at 2 and 4 weeks, but larger 235 
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areas of reddish-purple proteoglycan-stained chondroid tissue were seen in specimens from 236 
control compared with OVX rats at 8 and 12 weeks (Figure 5). There were no obvious 237 
differences in picrosirius red staining at 4 weeks, but at 8 and 12 weeks, it revealed better 238 
collagen organization in tissue from control compared with OVX rats (Figure 6). 239 
 240 
Figure 4. Hematoxylin and eosin (HE) staining of reattached supraspinatus tendons in 241 
ovariectomized and control rats. (A) OVX, 2 weeks; (B) OVX, 4 weeks; (C) OVX, 8 weeks; 242 
(D) OVX, 12 weeks; (E) control, 2 weeks; (F) control, 4 weeks; (G) control, 8 weeks; (H) 243 




Figure 5. Safranin O staining of reattached supraspinatus tendons in ovariectomized and control 246 
mice. (A) OVX, 2 weeks; (B) OVX, 4 weeks; (C) OVX, 8 weeks; (D) OVX, 12 weeks; (E) control, 247 
2 weeks; (F) control, 4 weeks; (G) control, 8 weeks; (H) control, 12 weeks. 248 
 249 
Figure 6. Picrosirius red staining of reattached supraspinatus tendons in ovariectomized and control 250 
rats. (A) OVX, 2 weeks; (B) OVX, 4 weeks; (C) OVX, 8 weeks; (D) OVX, 12 weeks; (E) control, 2 251 
weeks; (F) control, 4 weeks; (G) control, 8 weeks; (H) control, 12 weeks. 252 
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The results of the cathepsin K assay of osteoclast at the tendon attachment and cancellous bone 253 
sites are shown in Figure 7. The number of positively stained cells in cancellous bone was 17.33 ± 254 
5.65 in the OVX group and 47.27 ± 26.33 in the control group at 2 weeks, 13.2 ± 10.2 and 29 ± 255 
22.11 at 4 weeks, 11.47 ± 16.52 and 30.73 ± 17.05 at 8 weeks, and 3.53 ± 4.58 and 14 ± 14.99 at 12 256 
weeks. The number of cathepsin K-positive cells at the insertion area were 23.2 ± 17.21 in the 257 
control and 62.73 ± 29.27 in the OVX group at 2 weeks, 17.4 ± 12.05 and 53.6 ± 33.31 at 4 weeks, 258 
12.27 ± 10.93 and 23 ± 13.05 at 8 weeks, and 11.8 ± 13.73 and 17.87 ± 14.95 at 12 weeks. The 259 
number of cathepsin K-positive cells was significantly higher in the OVX than in the control groups 260 
at 2, 4, 8, and 12 weeks at both the attachment site and in cancellous bone. 261 
 262 
Figure 7. Immunostaining of cathepsin K of reattached supraspinatus tendons in ovariectomized and 263 
control rats. (A) OVX, 2 weeks; (B) OVX, 4 weeks; (C) OVX, 8 weeks; (D) OVX, 12 weeks; (E) 264 
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control, 2 weeks; (F) control, 4 weeks; (G) control, 8 weeks; (H) control 12 weeks. (I) Number of 265 
positive cells in cancellous bone and (J) number of positive cells in the insertion area. 266 
 267 
DISCUSSION 268 
In various animal models, agents that promote bone regeneration have been shown to accelerate 269 
tendon-to-bone healing after rotator cuff repair.1,10,12,13 However, those studies were conducted in 270 
animals with normal BMD. Chen et al. reported that teriparatide increased humeral head bone 271 
density improved the mechanical properties of the tendon enthesis in an ovariectomized rabbit 272 
rotator cuff repair model but did not describe the characteristics of the enthesis after repair.5 In this 273 
study, at 2 and 4 weeks after surgery, biomechanical strength and development of matured 274 
granulation tissue were reduced in the OVX group. At 8 and 12 weeks, the histology was quietly 275 
different between 2 groups without significant reduction of the biomechanical properties. The 276 
differences in the appearance of tendon reattachment were described as indirect insertion in the 277 
OVX group, that is, without chondroid cells at the tendon–bone interface and direct insertion in the 278 
control group, with the presence of chondroid cells. Thus, the results successfully demonstrated 279 
biomechanical and histological alterations of tendon-to-bone healing after rotator cuff repair in 280 
OVX rats.  281 
Biomechanical strength was significantly lower in the OVX group than in the control group at 2 282 
and 4 weeks, with relatively mature granulation tissue at the repair site of control rats. The findings 283 
suggest that immature granulation tissue interposed at the tendon–bone interface contributes to 284 
biomechanical strength. An investigation of the effects of female sex steroids and calciotropic 285 
hormones by Maman et al. reported that proliferation of tendon-derived cells was promoted by 286 
commonly prescribed female sex and calciotropic hormones.23 An in vitro study of the proliferation 287 
and metabolism of tenocytes isolated from the Achilles tendons of ovariectomized, middle-aged, 288 
and young rats by Torricelli et al. described the negative effects of aging and estrogen deficiency on 289 
tendon metabolism and healing.38 Endogenous estrogen has also been shown to promote healing of 290 
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the Achilles tendon in a rat model.7 The effects of estrogen on tenocyte biosynthesis, apoptosis, and 291 
tendon healing suggest that a deficiency induced by ovariectomy could result in the effects 292 
described in the above studies. 293 
The tissue histology findings at 8 and 12 weeks differed from those at 2 and 4 weeks, with 294 
indirect insertion lacking chondroid cells in the OVX group and direct insertion including 295 
chondroid cells in the control group. Areas of positive safranin O staining were larger in the control 296 
group than in the OVX group at 8 and 12 weeks. This plus the finding of increased cathepsin K 297 
expression in OVX rats suggests that activated osteoclast may have been involved in the formation 298 
of indirect insertions. The histological differences did not affect the biomechanical properties of the 299 
two groups at 8 and 12 weeks. The cellular structure and distribution of tendon–bone interface at 12 300 
weeks after rotator cuff repair resembled a normal tendon insertion. However, a study of the three-301 
dimensional ultrastructure found morphological differences at repaired, compared with normal, 302 
undisturbed tendon insertion sites that might result in qualitative and/or quantitative differences.19 A 303 
recent systematic review of studies of healing and repair in injured and degenerated supraspinatus 304 
enthesis found that the original graded transitional tissue of the fibrocartilaginous insertion was not 305 
recreated after the tendon was surgically reattached to bone. Following reattachment, the enthesis 306 
may not regain mechanical strength comparable with that of the native enthesis.18 It is well known 307 
that following anterior cruciate ligament (ACL) reconstruction, the interface at the graft tendon–308 
bone tunnel develops an indirect insertion, even though the postoperative outcome is generally 309 
clinically acceptable.4,27,34 The information available from previous studies may be of help in 310 
accounting for the lack of significant biomechanical differences of indirect and direct insertions.31 311 
The bone quality of the proximal humerus should be evaluated prior to rotator cuff repair using 312 
suture anchors. The presence of low BMD can result in retear of the repaired rotator cuff, and the 313 
BMD of the symptomatic shoulder can be lower than that in the asymptomatic contralateral 314 




Some limitations should be kept in mind when interpreting the present findings. First, acutely 317 
created tear and immediate repair do not reflect chronic degenerative rotator tears. Consequently, 318 
the findings in this rat model may not directly apply to humans because the healing processes in 319 
healthy animals may not mirror those that are obtained in clinical practice. However, given the 320 
anatomic similarities of humans and rats, this model has been widely used to investigate the healing 321 
mechanism and methods of healing enhancement. Second, the biomechanical and histological 322 
evaluation ended 12 weeks after surgery and may have missed additional subsequent events. 323 
Especially, the biomechanical findings were significant only during the early timepoints; the study 324 
may have been underpowered to detect residual differences at the later points. Third, there was not 325 
control present to limit any additional variables present in the ovariectomized state, such as 326 
endocrine or hormonal controls, that could have impacted the differences in tendon to bone healing 327 
response noted at 8 and 12 weeks. Fourth, given the large effect size, the sample was relatively 328 
small and may have been underpowered to detect some significant differences. The strengths of this 329 
study include a clear demonstration of morphological and biomechanical differences in 330 
ovariectomized and nonovariectomized rats in a rotator cuff Repair model. 331 
In conclusion, an estrogen-deficient state due to ovariectomy, rather than low BMD, leading to 332 
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